domain was observed in initial σ A -weighted (7) F o -F c difference electron density maps obtained from the molecular replacement solution. Significant difference density was also observed for multiple extracellular loops of the β-barrel domain of BtuB. This latter difference density arises from the differences between crystal contacts and packing of the BtuB:TonB complex versus those of the search model; the extracellular loops of TonB-dependent transporters are highly flexible and likely possess multiple conformations in vivo. Following rebuilding of these extracellular loops, a second set of σ A -weighted F o -F c difference electron density maps were calculated. The difference density for the TonB domain was greatly improved, and enabled the facile placement of an existing TonB monomer structure (1UO7) (8) into the density. Refinement, with inclusion of TLS parameters (9) , was performed with REFMAC (10) . Rebuilding, using σ A -weighted difference maps and prime_and_switch phased maps (11) , was performed with Coot (12) . Nearly all crystallographic calculations were performed in the CCP4 suite (13) . MolProbity (13) was utilized for structure validation. The final structural model consists of BtuB (residues 5-594), TonB (residues 153-233), cyanocobalamin (vitamin B 12 ), 2 calcium ions, 9 detergent molecules, and 274 water molecules. Six residues each at the N-and C termini (residues 147-152 and 234-239, respectively) were not seen in electron density maps.
Crystallographic data and refinement statistics are shown in Table S1 .
Supporting text
Structural similarity between TonB and TolA complexes.
The Tol-Pal system in Gram-negative bacteria plays a role in maintaining outer membrane stability (14) , and in surface presentation of lipopolysaccharide and O antigens (15) . A component of the system is TolA, consisting of a putative transmembrane helix anchoring it in the plasma membrane (in complex with TolQ and TolR), a long α-helical linker, and a Cterminal domain (TolAIII). Ff bacteriophage and Group A colicins bind to TolAIII (14) , and utilize the Tol-Pal system to attack susceptible cells. Although the sequence of TolA and TonB are only ~20% identical, their C-terminal domains possess a similar fold ( fig. S3 ). The g3p protein of bacteriophage binds to TolAIII; the crystal structure of a chimera of g3p and TolAIII (connected via a flexible linker) (16) revealed a primary binding interaction between the two proteins as formation of an anti-parallel β-sheet between β-strands of g3p and TolAIII. The similarity of this binding motif (except for the difference of anti-parallel and parallel β-strands) between g3p:TolAIII and Ton-box:TonB is striking ( fig. S3) Comparing this sequence to the BtuB Ton-box sequence indicates the presence in g3p of an 'inverted' Ton-box (e.g., 'Tol-box') that modulates its interaction with TolA. TolA does not complement for TonB in TonB-dependent transporter function (17) , and group A colicins and Ff bacteriophage do not bind to TonB. Therefore, this may be an example of convergent evolution to a common useful binding motif for transient signaling and interaction within the periplasm of Gram-negative bacteria, without functional complementation or dual function of either system. (We note that the possible similarity of the Ton-box:TonB to g3p:TolAIII was previously suggested (18) .)
Analysis of the Ton-box:TonB β-sheet.
The conservation of the Ton-box sequence (19, 20) observed in TonB-dependent transporters is a combination of specific amino acid conservation at some positions, and less-restrictive 'property conservation' at others ( fig. S4 ). Secondary-structure prediction indicates that Ton-box residues have a propensity for β-strand formation (fig. S4) ; however, if the only requirement for the Tonbox were β-strand formation, a larger variation in sequence would be expected. Can this more stringent Ton-box conservation be rationalized based upon our structure (and other analyses)?
The Ton-box of BtuB (Asp 6 -Ala 12 ) will be used for this discussion, but similar logic applies to the other Ton-box sequences. The Ton-box binding surface of TonB is localized to residues 225-232 (one of its β-strands) and residues 158-171 (a coil and loop). The even-numbered residues of the Ton-box pack into the cleft formed by these two segments of TonB. The side-chain Leu 8 protrudes into an aperture encircled by residues from the β-strand and coil of TonB that comprise the Ton-box binding interface; the side-chain of Trp 213 , from another part of TonB, caps this aperture with a hydrophobic surface. The side-chain of Leu 8 does not fully occupy this cavity, and other aliphatic residues (or methionine) that can also fit are present in Ton-box sequences. In contrast, Val 10 and Ala 12 are nearly invariant in E. coli Tonbox sequences; each packs tightly into hydrophobic pockets of the TonB binding cleft.
What about those Ton-box residues that are not in the binding cleft (i.e., the odd-numbered ones); in particular, Thr 7 is nearly completely conserved ( fig. S4 ). A recent bioinformatics paper (21) on amino acid pairing preferences in parallel β-sheets provides insight into this. As opposed to α-helices, where helical propensity is well-approximated to be a single-residue property, β-strand propensity is context-sensitive (22); for example, β-strands on the edge of a sheet are in a different environment from those flanked by β-strands. Fooks et al. (21) calculated the variance between expected and observed distributions of residue pairs from analysis of a protein structure database; this variance was converted to χ 2 values. We used the published χ 2 values to estimate the confidence limits (P-values) for the residue pairs found in the parallel β-sheet formed between the β-strands of the Ton-box and TonB (residues 226-232) ( fig. S5 ). Our working hypothesis was that over-represented pairs are energetically favorable and under-represented pairs are energetically unfavorable. In parallel β-sheets, one residue participates in hydrogenbonding and the other in the pair does not; thus the distributions are asymmetrical with respect to H-bonding and non-H-bonding residue identity. 6 , this distribution analysis suggests that all of the residues in the Ton-box are energetically favorable (or highly favorable) for forming a β-sheet specifically with TonB. Therefore, electrostatic and steric effects specific to the Ton-box:TonB binding interface, combined with β-sheet propensities/energetics, suffice to provide a satisfactory explanation for conservation of the Tonbox. Despite this high level of in vivo conservation, the Ton-box is rather robust with respect to point mutation. With the exception of the L8P and V10P loss-of-function mutations in BtuB (23) which destabilize Ton-box:TonB β-strand interactions, a large range of substitutions within the BtuB Ton-box can be tolerated with relatively modest effects upon cyanocobalamin (vitamin B 12 ) uptake (24) .
Analysis of TonB in the BtuB:TonB complex.
As mentioned in the body of the paper, the structure of TonB that we observe in the TonB:BtuB complex is very similar to the structures of isolated TonB domains obtained by x-ray crystallography (1UO7) (8) and NMR spectroscopy (1XX3) (18) . In the x-ray structure, domainswapping between two monomers occurs, with residues 233-239 (the C-terminus, at the end of the third [extended] β-strand of the TonB three-stranded β-sheet) of one monomer forming a fourth anti-parallel β-strand with the three-stranded β-sheet of the other monomer. In the NMR structure, the C-terminus residues 235-239 are not in the third β-strand of the TonB threestranded β-sheet; rather, they bend back and form an anti-parallel β-strand with the threestranded β-sheet of the same TonB monomer. The position of the fourth inter-and intra-strands of these two structures, crystallographic and NMR spectroscopic, respectively, overlay with the position of the Ton-box forming a parallel β-sheet with TonB in our structure of the BtuB:TonB complex ( fig. S6 ). The three-stranded TonB β-sheet appears to be 'primed' to recruit a fourth β-strand. We speculate that in vivo, TonB conformation may be similar to that observed in the NMR structure, where the presence of the short anti-parallel β-strand may 'cap' the edge strand of the β-sheet and serve to prevent non-specific uncontrolled aggregation of TonB within the cell. This edge-covering is one of the negative design features observed in β-sheet proteins (25) .
A previous study of TonB identified five aromatic residues that, upon individual mutation to alanine, resulted in variable phenotype (26) . Specifically, sensitivity to phage and colicin varied, and siderophore uptake also varied. All ten of the double-alanine mutants showed no siderophore transport. Where are these aromatic residues located in TonB, and does the position of TonB in the BtuB:TonB complex provide any insight into the functional effects of their mutations? The five aromatic residues reside in two clusters. Phe 230 is in the β-strand of TonB that interacts with the β-strand Ton-box of BtuB, and it forms a base-stacking interaction with Phe 202 . The other three aromatic residues, Phe 180 , Trp 213 , and Tyr 215 , form a tightly-packed cluster in the TonB interior. Leu 8 of the BtuB Ton-box packs against Trp 213 , whose position is stabilized by the other two aromatic residues of the core. Therefore, the double mutations apparently perturb the Ton-box:TonB β-sheet interaction and lead to abrogation of siderophore transport. Regarding the effects of single mutants, one would surmise that lesser perturbation would result with a smaller effect upon transport. However, given that the molecular basis of phage and colicin uptake is not well-characterized at this time, we offer no rationalization for how aromatic mutation affects these behaviors. Lastly, one popular mechanistic model for TonB function proposes that TonB shuttles across the periplasmic space, leaving the inner membrane ExbB-ExbD-TonB complex in an 'energized' form and imparting this energy to the outer membrane transporter to effect active transport of substrate through the lumen of the transporter (27) . As the structure of TonB that we observe in the TonB:BtuB complex is nearly identical to that seen in the isolated TonB structures previously solved independently by X-ray crystallography and NMR spectroscopy, we can offer no structural image, analysis or speculation of what such an energized conformation might be. Our structure of the TonB:BtuB complex offers evidence neither for nor against the 'shuttle hypothesis'. Figure S1 . Ribbon diagram of the BtuB:TonB complex with bound cyanocobalamin (vitamin B 12 ) substrate shown in red spheres. In BtuB, the Ton-box (residues 6-12) is in blue; luminal domain (residues 13-137) in green; β-barrel (residues 138-594) in orange. The TonB carboxyterminal domain (residues 147 to 239, with residues 153 to 233 seen in the structure) is in pink. The structure is oriented as in Fig. 1B . Figure S2 . Superposition of the structures of TonB obtained in our TonB:BtuB complex (red), x-ray structure of monomeric TonB (green, 1UO7, (8)) and NMR structure of monomeric TonB (blue, 1XX3, (18)). (16) . TolAIII is shown in yellow cartoon; the β-strand of g3p that forms an anti-parallel β-sheet with TolAIII is shown in green; the remainder of g3p is in gray. (B) Structure of the complex between the C-terminal domain of TonB and BtuB. TonB is shown in pink; the β-strand of BtuB (the Ton-box) that forms an anti-parallel β-sheet with TonB is shown in blue; the remainder of BtuB is in gray. Figure S4 . Ton-box sequence alignment in E. coli. A BLAST search (28) was performed with BtuB (from E. coli strain K12) against five sequenced E. coli genomes (K12, CFT073, O157:H7, O157:H7 EDL933, and HS (unfinished)) on the NCBI website (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). Nineteen unique TonB-dependent outermembrane transporters (sequence identity 40% or less) were identified and aligned with CLUSTALW (29) , implemented within Biology WorkBench (http://workbench.sdsc.edu/). Each entry is given its annotated protein name (or identifier if not annotated), followed by the strain. Secondary-structure prediction was performed (using the entire sequence of each protein individually) with PROF on the PredictProtein Server (http://cubic.bioc.columbia.edu/pp/predictprotein.html, (30) ). Residues underlined in red were predicted to be in a β-strand conformation. 
